ABSTRACT To determine the influence of weight loss with or without adequate calcium intake on bone turnover and density, we examined the influence of dietary restriction of calcium or energy on body weight (BW), bone mineral density (BMD) and bone turnover in both younger (3 mo) and older (10 mo) female rats (n Å 66). Diets were designed to allow feeding at two levels of calcium intake (normal Å 78 mg/d and low Å 15 mg/d) and two levels of energy intake (normal and 40% restriction) while keeping the intake of protein, fat, fiber, vitamins and other minerals equal between groups. Thus rats received either a control diet (CNTL), a diet restricted in calcium, energy or both for 9 wk. Energy restriction reduced BW 5-21% (P õ 0.01) and elevated bone formation 10-20% (P õ 0.05) in both age groups. Bone resorption was 20-40% above CNTL values (P õ 0.05), in rats fed all three restricted diets. In younger rats, BMD increased over time in all groups (P õ 0.05), but final BMD was lower in calcium restricted groups compared with CNTL (P õ 0.01). In older rats, CNTL had a significantly greater final BMD (P õ 0.05) than diet-restricted groups. These data indicate that, in both younger and older rats, dietary restriction of calcium or energy results in an elevated rate of bone turnover. BMD is compromised by calcium restriction in both younger and older rats, whereas only older rats were negatively influenced by dietary energy restriction. Thus the present study indicates a detrimental effect of low-energy diets, as well as inadequate calcium intake, on bone density in mature rats. J. Nutr. 128: 640-645, 1998. al-1992). Additionally, these studies have utilized rats of varying tered hormone levels and dietary factors such as reduced calage from weanling (Ndiaye et al. 1995) to 16 mo (Lee et al. cium and energy intake. It is unclear, however, whether the 1986). It is still unclear, however, whether reduced energy altered rate of bone turnover (Hyldstrup et al. 1993, Svendsen intake and weight loss influence the effect of low or adequate et al. 1993) and reduced BMD observed after weight loss are calcium intake on bone turnover and density and whether this influenced equally by inadequate dietary calcium and reduced effect is dependent on age. Therefore this study examined energy intake (Lee et al. 1986, Ramsdale and Bassey 1994) .
1986 and 1993, Ndiaye et al. 1992 and 1995, Peterson et al. Body weight has been shown to be a consistent predictor of 1995, Shires et al. 1980, Wright and McMillan 1994) have bone mineral density (BMD) 5 (Holbrook and Barrett-Connor differed widely in the method and degree of dietary restriction. 1993), and weight loss has been shown to result in decreased For example, previous investigators have restricted energy in-BMD in both humans (Compston et al. 1992, Hyldstrup et take for 4 wk (Ndiaye et al. 1995) to 4 mo (Lee et al. 1993 , Jensen et al. 1994 , Svendsen et al. 1993 ) and rats restricted calcium intake for 4 d (Egger et al. 1994 ) to 8 wk (Roudebush et al. 1993 , Wronski et al. 1987 . Several mecha- (Peterson et al. 1995) and imposed complete food deprivation nisms have been proposed for the loss of BMD after body for 12 h (Wright and McMillan 1994) to 72 h (Ndiaye et al. weight reduction, including reduced mechanical loading, al-1992) . Additionally, these studies have utilized rats of varying tered hormone levels and dietary factors such as reduced calage from weanling (Ndiaye et al. 1995) to 16 mo (Lee et al. cium and energy intake. It is unclear, however, whether the 1986). It is still unclear, however, whether reduced energy altered rate of bone turnover (Hyldstrup et al. 1993 , Svendsen intake and weight loss influence the effect of low or adequate et al. 1993) and reduced BMD observed after weight loss are calcium intake on bone turnover and density and whether this influenced equally by inadequate dietary calcium and reduced effect is dependent on age. Therefore this study examined energy intake (Lee et al. 1986, Ramsdale and Bassey 1994) .
the relationship between calcium and energy intake on bone Previous studies in rats examining the influence of calcium turnover and density using both a younger and older female or energy restriction on bone turnover and density (Lee et al.
rat model. a total dose of 740 kBq of tritium. A 10-d equilibration period was Dual energy x-ray absorptiometry (DXA). DXA of the whole body was performed before and after dietary intervention, using a animals õ0.5 kg). Before scanning, rats were anesthetized by intra- 
Statistics. The effects of dietary calcium (low and high), energy
4 The vitamin mixture (Research Diets) composition was as follows:
(low and high) and age (younger and older) using all eight treatment 2.2 mg retinol palmitate, 0.025 mg cholecalciferol, 50 mg dl-a tocophcombinations was assessed using a three-way analysis of variance Scheffé's post hoc comparisons test to determines statistical significance among the treatment groups (SuperANOVA, version 1.1, Abacus Concepts) (Zar 1984) . For values measured only before and after Diets. During the 6-wk labeling phase of this experiment, rats dietary treatment (serum osteocalcin and bone mineral density), a had free access to tap water and a customized control diet (CNTL) three-way ANOVA was performed on the treatment combinations based on AIN-76 (Reeves et al. 1993) , and containing 0.525% caldescribed above. An unpaired Student's t test was used to assess the cium and 0.35% phosphorous (Ca:P ratio Å 1.5). This level of caleffect of the two age groups on [ 3 H]TC incorporation into bones. cium and phosphorous intake has been shown to be sufficient for Data are presented in text as mean values { SD. Differences between normal growth and bone mineralization (Persson et al. 1993) . means were considered significant at P õ 0.05. Diets (Research Diets, New Brunswick, NJ) were formulated to provide two levels of energy intake (normal and 40% restriction) and two levels of calcium intake (normal Å 78 mg/d and low Å 15 mg/ RESULTS d; see Table 1 ). Daily intakes of protein, fat, fiber, vitamins and other minerals were the same in each diet group. Diet-restricted rats were restricted diets. In calcium-restricted diets, phosphorous was reduced 1). Younger energy-restricted rats (ER and CER), lost 9.0 { proportionally to maintain the Ca:P ratio and minimize the possible 2.1% and 5.0 { 1.8% of initial body weight, respectively (P occurrence of kidney calcinosis, which is common in aged female rats (Reeves et al. 1993) . Thus rats in the diet-treatment groups were õ 0.001 compared to CNTL). In both age groups, energy restriction (ER and CER), resulted in an elevated serum osteocalcin concentration, compared to CNTL (P õ 0.05, Fig. 3 ). Calcium restriction alone (CR) had no effect on bone formation as measured by serum osteocalcin. Serum osteocalcin concentration increased over time in younger rats, approaching values observed in older rats (Fig. 3) .
Bone mineral density. BMD, as assessed by DXA, increased 4-9% in all younger rats (P õ 0.01, Table 2 , Fig. 4) . Dietary restriction of energy alone (ER) had no significant influence on final BMD compared with CNTL rats. Restriction of calcium (CR and CER), however, resulted in a significantly attenuated gain in BMD compared with CNTL (P õ 0.01).
In older rats, BMD was increased 3.3 { 2.6% in CNTL (P õ 0.01), whereas no significant change in BMD occurred in any of the restricted groups. Consequently, final BMD in all diet-restricted groups was significantly lower (P õ 0.05) than in CNTL (Fig. 4) .
DISCUSSION
In this study, we demonstrated an elevated rate of bone resorption after dietary restriction of calcium or energy in both younger and older rats. Bone formation, however, was elevated only in energy-restricted groups. In both younger and older rats, final BMD was lower than control values after dietary restriction of calcium, whether alone or in combination with energy restriction. Older rats, however, also had a lower final BMD after dietary restriction of energy alone. These results suggest that although calcium or energy restriction increases bone turnover similarly in both younger and older rats, agerelated differences exist for the influence of energy restriction body BMD compared with a calcium-and energy-adequate control diet. Body weight gain partially protects rats from developing osteopenia after ovariectomy (Roudebush et al. 1993 ), but such protection is limited to long bones, suggesting a weightbearing effect of increased body weight (Wronski et al. 1987) . In the present study, however, dietary restriction of calcium clearly altered the positive relationship between body weight and BMD. For example, older rats restricted in calcium only (CR) increased BW as did controls yet had a significantly lower final BMD. This suggests that calcium-deficient diets can abolish the positive relationship between body weight and bone mass at maturity. Although energy restriction and loss of body weight resulted in a lower final BMD compared with older controls, we only assessed BMD of the total body and therefore cannot draw any conclusions regarding site-specific BMD. It has been suggested, however, that calcium or energy restriction may result in a redistribution of calcium stores from one skeletal site to another (Garcia-Moreno et al. 1995) .
Complete food deprivation and semistarvation in rats reduces osteoblastic activity (Wright and McMillan 1994) ; bone (CER) . Each line represents 5-6 or 10-12 rats per diet group for the younger and older groups, respectively. Data are reported as mean percent of control values (pooled SEM Å 8.7% for younger rats and 6.2% for older rats). Urinary [ 3 H]TC excretion for CR, ER and CER was elevated above control values at wk 2-6 (P õ 0.05) in both age groups.
bone mass (Matkovic et al. 1990 , Persson et al. 1993 ) and increases the risk of osteoporosis (Heaney 1996) .
The skeletal effect of reduced energy intake is less clear, particularly in rapidly growing younger animals. There is some data in aged rats, however, to suggest that despite adequate calcium intake, energy restriction leads to a loss of bone mineral content (Lee et al. 1986 ). The present study is the first examination of the interaction between calcium and energy restriction that also examines age-related effects. The ages examined in the present study, 3 and 10 mo, were chosen to avoid the large amount of bone modeling and skeletal growth characteristic of very young rats (õ2 mo old) (Kalu 1991) and to ensure the achievement of peak bone mass in older rats, (1995) may be explained by differences in study design. We examined both 3-and 10-mo-old rats during a 9-wk period, while Ndiaye studied weanling rats for 4 wk. From these results, it appears that 40% energy restriction is not severe enough to significantly reduce serum osteocalcin concentration in rats at any stage of development (weanling, younger or older).
A limitation of the present study is that we did not obtain serial measurements of serum osteocalcin to identify both the acute and chronic adaptation to dietary restriction. Because we observed an initial increase in bone resorption during weeks 2-6 followed by a return to control levels thereafter, our finding of increased serum osteocalcin at wk 9 could be viewed as a ''delay'' between resorption and formation phases. These data would support those of Sims et al. (1996) , who demonstrated a delay in bone formation (serum osteocalcin) after ovariectomy-induced bone resorption (acid phosphatase activity) in 6-mo-old rats. A future study obtaining serial measures of both bone resorption and formation could help elucidate the relationship between dietary intake and bone turnover.
In summary, these data indicate that in both younger and older female rats, dietary restriction of calcium or energy results in an elevated rate of bone turnover compared with a calciumand energy-adequate control diet. In both younger and older rats, reduced BMD was observed after dietary calcium restriction. Additionally, energy restriction in older rats also resulted in a blunted increase in BMD, suggesting an adverse effect not only of low calcium but also of low energy diets on skeletal health in mature animals. This work raises concerns that dietary energy restriction may have unfavorable effects on bone metabolism in humans. Further studies are needed to address the mechanisms by which energy restriction increases bone turnover and why the response of bone to dietary restriction differs with age.
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